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E lec t ron  microscopy  and e l ec t r i ca l  r e s i s t i v i t y  m e a s u r e m e n t s  have been employed to in -  
ves t igate  the effect of quenching r a t e s  on a l loys  with a base composi t ion of A1-Zn 5.5 pct -  
Mg 2.5 pc t -Cu  1.6 pct with minor  addit ions of ch romium and z i r con ium,  and without other 
e l emen t s .  The r e s u l t s  show that the loss  of aging capabil i ty ,  m e a s u r e d  in t e r m s  of G.P. 
zone densi ty ,  obse rved  af ter  a slow quenching,  is to be a s c r i b e d  to the loss  of solute oc-  
cu r r i ng  by the format ion  of la rge  q pa r t i c l e s  during cooling; the re fore ,  other m e c h a n i s m s  
a r e  not r equ i r ed  to account  for the quench sens i t iv i ty  of these a l loys .  In addit ion,  a s e m i -  
quant i ta t ive r e l a t ion  between high t e m p e r a t u r e  d i spe r so ids  and coarse  7 /par t ic les  formed 
dur ing slow quenching has been obtained,  b r ing ing  new evidence that the different  nucleant  
effect of c h r o m i u m - r i c h  pa r t i c l e s  with r e spec t  to those containing z i r con ium is of qua l i ta -  
rive cha rac te r .  

IN r ecen t  s tudies  j'2 it was repor ted  that the quench 
sensi t ivi ty* of A1-Zn-Mg-Cu  alloy containing ch romium 

*The term "quench sensitivity" indicates the reduction in age hardening capa- 
bility induced by low quenching rates. 

is c losely connected with the format ion  of coarse  MgZn2- 
type p rec ip i t a t e s  that a re  nucleated,  during slow quench-  
ing, at the sur face  of the p reex i s t ing  c h r o m i u m - r i c h  E 
pa r t i c l e s .  Moreover ,  it was shown that the add i t ion- f ree  
and z i r con ium-mod i f i ed  al loys do not exhibit any he te ro -  
geneous prec ip i ta t ion  of MgZn2 pa r t i c l e s ,  or any s igni f i -  
cant dec rease  of s t rength  in the inves t iga ted  quenching 
r a t e s .  On the b a s i s  of these  r e s u l t s ,  we have accounted 
for quench sens i t iv i ty  in t e r m s  of the prev ious ly  p ro -  
posed " l o s s  of so lu t e "  mechanisms,a-G that is by admi t -  
t ing that the format ion  of la rge  q p rec ip i t a t e s ,  deplet ing 
the ma t r ix  of solute avai lable  for aging,  causes  a 
marked  dec rease  of hardening  capabi l i ty  of the a l loys .  

In con t ras t  with this  genera l ly  accepted view, some 
authors  have r ecen t ly  proposed a fa i lure  mechan i sm,  
involving a weak in te r face  between the large 77 pa r t i c l e s ,  
fo rmed dur ing quenching,  and the mat r ix ,  to account  for 
the loss  of s t rength  at low quenching r a t e s .  7 

In o rder  to support  the mechan i sm  based on the loss  
of solute with more  convincing exper imenta l  evidence 
we have pe r fo rmed  fur ther  inves t iga t ions  by e l ec t r i ca l  
r e s i s t i v i t y  m e a s u r e m e n t s  and t r a n s m i s s i o n  e lec t ron  
mic roscopy  (TEM) examina t ions .  

The a im of these expe r imen t s  was twofold: 
i) to e s t ima te  the dec rease  of G.P.  zone densi ty  

(taken as an index of the aging capabil i ty)  induced by a 
slow quenching;  

ii) to re la te  the densi ty  of high t e m p e r a t u r e  d i spe r -  
soids containing ch romium and z i r con ium to the he te ro-  
geneous prec ip i ta t ion  of 'q MgZn2 pa r t i c l e s .  

1 ) EXPERIMENTAL 

Three  high pur i ty  a l loys  of nominal  composi t ion (in 
wt pct) A1-5.5 pct Zn-2.5  pct M g - l . 6  pct Cu were  used 
in the p resen t  inves t igat ion,  with ch romium and z i r co -  
n ium,  r e spec t ive ly ,  and without other addition e l emen t s ,  
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Table  I. The exper imenta l  samples  were  0.18 m m  thick 
sheets ,  p r e p a r e d  f rom D.C. ingots,  110 mm in d i ame te r .  
After  homogeniz ing at 440~ for 24 h t r a n s v e r s e  s l i ces  
were  cut f rom the ingots,  hot ro l led  at 430 ~ to 380~ and 
subsequent ly  cold ro l led  to the final th ickness ,  with an 
in t e rmed ia te  annea l ing  at 350~ 

Res i s t iv i ty  e xpe r i me n t s  were  c a r r i e d  out d i rec t ly  on 
the sheets  us ing 60 by 5 by 0.18 mm spec imens  and p e r -  
forming the m e a s u r e m e n t s  in liquid n i t rogen by the 
s tandard  po ten t iomet r ic  method; the r e s i s t i v i t y  v a r i a -  
t ions were  calcula ted by the formula :  

AR 
~ P  = Po Ro 

AR being the r e s i s t a n c e  va r i a t ion  af ter  any t r ea tmen t ,  
R0 and Po the r e s i s t a n c e  and r e s i s t i v i t y ,  r e spec t ive ly ,  of 
the a l loys  af ter  fast  quenching f rom 465~ 

T r a n s m i s s i o n  e l ec t ron  mic roscopy  examina t ions  were  
pe r fo rmed  on the same  r e s i s t i v i t y  s amples ,  a f ter  e l ec -  
t ro ly t ic  th inning at -35~ using a solut ion of 3 pa r t s  of 
CHsOH, 1 par t  of concent ra ted  HNOs by volume (poten- 
t ial  15 V, cu r r en t  densi ty  1 amp/cm2) .  

In Table  I we repor ted  the va lues  of po at -196~ for 
the three  al loys af ter  fast  quenching at 0~ from 465~ 
by compar ing  the va lues  of Po, on the a s sumpt ion  that 
the contr ibut ion to r e s i s t i v i t y  a and fl of 1 at. pct of 
ch romium and z i r con ium,  r e spec t ive ly ,  is not inf luenced 
by the p r e sence  of the other  solute a toms ,  it is poss ib le  
to es t imate  the f rac t ion of these a nc i l l a r y  e l emen t s  
which is out of the solid solution.  Now f rom m e a s u r e -  
ments  on b ina ry  a l loys ,  we have found c~ = 8.6 p ~  cm 
and 13 = 8.1 #f2 cm. There fore  it is eas i ly  computed that 
the f ract ion of chromiurn and z i r con ium out of the sol id 
solut ion is about 70 and 80 pct, r e spec t ive ly .  

The samples ,  solution t rea ted  at 465~ for 1 h, were  
quenched in three  different  ways to get the following 
cooling r a t e s ,  constant  in the t e mpe r a t u r e  range  465 ~ to 
250~ i) 20,000~ (high ra te) ;  ii) 15~ (slow ra te ) ;  
iii) 4~ (very slow ra te) .  The ra te  of 20,000~ has 
been se lec ted  to get the highest  r e sponse  to aging; 15 ~ 
and 4~ can be cons idered  in the c r i t i ca l  range  of 
quenching of c o m m e r c i a l  A I - Z n - M g - C u  al loys .  

After  every  quenching t r ea tmen t ,  the samples  were 
f i r s t  dipped into b r ine  at 2~ and immedia te ly  a f t e r -  
wards  into l iquid n i t rogen  for r e s i s t i v i t y  m e a s u r e m e n t ;  
the aging t r e a t me n t  was pe r fo rmed  at 60~ 
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Fig.  1 - - I s o t h e r m a l  ag ing  c u r v e s  at  60~ of  the base a l l o y  a f t e r  
quench ing  f r o m  465~ w i t h  d i f f e r e n t  eoo l i ng  r a tes  (CR). 
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Fig. 2--Isothermal aging curves at 60~ of the zirconium-modi- 
fied alloy after quenching from 465~ with different cooling 
rates (CR). 
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Fig. 3 - - I so the rma l  aging c u r v e s  at 60~ of the c h r o m i u m - m o d i -  
fied alloy after quenching from 465~ with different cooling 
rates (CR). 

2) RESULTS AND DISCUSSION 

a) Res i s t iv i ty  M e a s u r e m e n t s  

F igs .  1 to 3 show r e s i s t o m e t r i c  aging curves  at 60~ 
af ter  the th ree  different  quenching r a t e s  for base ,  z i r -  

con ium-modi f ied  and ch romium-mod i f i ed  a l loys ,  r e s p e c -  
t ivety.  The r e s i s t i v i t y  value af ter  quenching in each 
curve is indicated by an hor izontal  segment .  

Before analyzing the r e s u l t s ,  we s u m m a r i z e  the bas ic  
a s sumpt ions  r ega rd ing  the r e s i s t i v i t y  va r i a t i ons  con- 
nected to the c lus te r ing  p roces s  in the a luminum 
al loys:  8'9 

a) each c lus ter  or G.P.  zone provides  an independent  
contr ibut ion to the r e s i s t i v i t y ;  b) this cont r ibut ion  can 
be expressed  by a function 0 (r), where r is the d imen-  
sion of the zone. The function 0 (r) i n c r e a s e s  with r 
when r is smal l ,  pa s se s  through a ma x i mum for a c r i t i -  
cal value of r (rc) and then decl ines  when r > r c. 

Let us f i r s t  cons ider  the base  alloy: as one can see 
from the curves  of Fig.  1 the dependence of the aging 
p rocess  on the quenching ra te  is sl ight.  In a l l  cases ,  as 
r evea led  by the r e s i s t i v i t y  i nc r e a se ,  G.P. zone fo rma-  
t ion takes place dur ing  the aging.  However,  a f ter  the 
slow and the very  slow quenching ra te  a r e s i s t i v i t y  in -  
c rease  is a l ready  p re sen t  af ter  quenching,  indicat ing 
that some c lus te r ing  of solute a toms has occu r r ed  
dur ing  the very  quenching.  In addit ion,  the sl ightly 
lower va lues  of r e s i s t i v i t y  max imum reached  dur ing 
the aging can suggest  that some loss  of solute takes  
place during quenching.  The p r e sence  of z i r con ium 
and chromium,  Figs .  2 and 3, does not inf luence the 
aging p r oc e s s  af ter  fast  quenching,  whereas  it p lays  a 
s ignif icant  ro le  af ter  slow and very  slow quenching.  In 
detai l ,  z i r con ium-mod i f i ed  al loy shows a r e s i s t i v i t y  in -  
c rease  af ter  slow quenching that is due to a c lus te r ing  
p roces s ,  which appears  lower than the one obse rved  in 
base  al loy;  the re fore ,  one can infer that a pa r t i a l  loss  
of solute occurs  dur ing  quenching,  in ag reemen t  with the 
lower r e s i s t i v i t y  max imum observed  dur ing aging.  
After ve ry  slow quenching the alloy r eaches  a high 
negat ive r e s i s t i v i t y  value due to solute prec ip i ta t ion  
and the aging p roces s  is very  reduced with r e spec t  to 
fast  quenching.  

The r e s i s t i v i t y  va lues  of the ch romium-modi f i ed  
alloy,  Fig.  3, af ter  slow and ve ry  slow quenching a re  
s t rongly  negat ive,  showing that p rec ip i ta t ion  of solute 
is very  pronounced;  in this case too, the higher is  the 
loss  of solute during quenching,  the lower is the r e -  
s i s t iv i ty  inc rease  during aging.  

Assuming  that the prec ip i ta t ion  produced dur ing the 
quenching is qual i ta t ively  cha rac t e r i zed  by the f o r m a -  
tion of the same type of phase,  it is  poss ib le  to obtain 
an es t ima t ion  of the re la t ive  loss  of solute in the d i f fer -  
ent a l loys from the r e s i s t i v i t y  va lues  af ter  quenching 
and from the r e s i s t i v i t y  max imum.  

This  loss  of solute is always negl igible  af ter  fast 
quenching and smal l  af ter  slow and ve ry  slow quenching 
in the base  al loy.  It becomes  apprec iab le  for slowly 
quenched z i r con ium-mod i f i ed  alloy and it is  very  r e -  
markab le  in all  other  cases .  In pa r t i cu l a r  it can be 
pointed out that the prec ip i ta te  f rac t ion  is nea r ly  the 
same for ve ry  slowly quenched z i r con ium-mod i f i ed  
alloy and slowly quenched ch romium-mod i f i ed  al loy,  
whereas  it is  nea r ly  double for very  slowly quenched 
ch romium-mod i f i ed  al loy.  

An impor tan t  r e su l t  a r i s ing  f rom the ana lys i s  of the 
data is the fact that al l  the curves  of F igs .  1, 2, and 3 
have the same analy t ica l  shape. Indeed, they can be 
super imposed  when plotted in a no rma l i zed  form,  as  
shown in Fig.  4. Super imposi t ion  is obtained by prop-  
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] -ab le I. Chemical Composition of the Investigated Alloys and Resistivity 
Values at 196~ After Fast Quenching to 0~ 

Zn Mg Cu Fc Si Ti Cr Zr Po, n~  cm 
Alloy Type Pcl Pet t)ct Pcl Pcl Pet Pet Pcl at 196~ 

base 5.64 2.46 1.61 0.0010 0.0026 0.015 2525 
Zrmodificd 5.5~ 2.45 1 .57  0.0(141 0.0012 0,019 0.22 2632 
Crmodified 5.50 2.44 1.5'-) 0.0015 0.0020 0.015 0.23 2857 

Alloy Type 

base 
Zr modified 
Cr modified 

Table II. Parameters Characterizing the Resistivity Curves 

Cooling Rate 

2 (}~O0~/s 15~ 4~ 

SAP s, 6AP s, 6 A P  s, 
n K2 cm t s, rain n ~ cm ts, rain n ~] cnl Is, mill 

1.00 1.0 0.83 1.7 0.77 1.4 
1.02 1.6 0.71 2.7 0.57 5.5 
1.09 1.7 0.62 4.6 0.31 8.5 
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Fig .  4 - - S u p e r i m p o s i t i o n  of the  e x p e r i m e n t a l  c u r v e s  of  F i g s .  1 
to :3 n o r m a l i z e d  wi th  r e s p e c t  to the  a g i n g  t i m e s  and  r e s i s t i v i t y  
increase. 

erly changing the time and the resistivity scale, namely 
by r epo r t i ng  5 Ap/6  Aps vs  t / I s ,  5 Ap being the r e s i s -  
t iv i ty  va r i a t i ons  computed f rom the r e s i s t i v i t y  va lues  
a f te r  the r e l a t i v e  quenching.  The no rma l i z ing  I s and 
5 Ap s va lues  a r e  given in Table  II. I s is a p a r a m e t e r  
which accounts  for the d i f fe rence  in the diffusion r a t e  
main ly  due to the d i f fe rence  in the vacancy  c o n c e n t r a -  
t ion;  5 Ap s is a p a r a m e t e r  which accounts  for the d i f f e r -  
ence in G.P.  zone densi ty  r e su l t i ng  f rom the d i f ferent  

8 - 1 0  s upe r sa tu r a t i on .  As d i s cus sed  in p rev ious  pape r s ,  
the r e s u l t  of Fig .  4 indica tes  that the na ture  of the 
aging p r o c e s s  is a lways  the s ame .  The densi ty  of G.P.  
zones  changes  f rom one curve  to another  (varying the 
supe r sa tu ra t i on  of the a l loys  as a consequence  of the 
loss  of solute  during quenching) and a lso  the k ine t i cs  
of the p r o c e s s  changes  (varying the vacancy  concen t r a -  
tion), but the kind of zones  and the law zone growth r e -  
main unchanged. F r o m  the ra t io  between SAps va lues  
we can obtain an e s t i m a t e  of the ra t io  between the G.P.  
zone densi ty  in the inves t iga ted  a l loys  for d i f ferent  
quenching p rocedu re :  thus, for example ,  it is  poss ib le  
to see  that in c h r o m i u m - m o d i f i e d  al loy the G.P. zone 
densi ty ,  a f t e r  v e r y  slow quenching is m o r e  than th ree  
t i m e s  lower  than a f te r  fast  quenching.  M o r e o v e r  the 
va lues  of I s d i rec t ly  give a r e l a t i v e  index of the k ine t i cs  
in the d i f ferent  ca se s .  

The r e s u l t s  of Fig.  4 a lso  conf i rm the val id i ty  of the 
hypothesis  p r ev ious ly  a s s u m e d  to evaluate  the r e l a t i v e  
p rec ip i t a t e  f rac t ion  during slow quenching.  

Fig. 5--Distribution of ZrA13 particles in zirconium-modified 
alloy after fast quenching. The precipitates exhibit different 
contrast effects as a consequence of their orientation. Magni- 
fication 60,000 times. 

b) M i c r o s t r u c t u r e s  

TEM obse rva t i ons  w e r e  p e r f o r m e d  with the main  
purpose  of obtaining quant i ta t ive  data about the v a r i o u s  
p rec ip i t a t ed  phases  p r e sen t  in the a l loys  a f te r  d i f fe ren t  
quenching e x p e r i m e n t s .  

The m i c r o s t r u c t u r a l  r e s u l t s  have been analyzed  a c -  
cording to the e x p r e s s i o n  

N a : N v ( t +  K )  

where  

N a = number  of p a r t i c l e s  for (/lm) 2, m e a s u r e d  on 5 mi- 
c rog raphs  (s tandard magnif ica t ion  of X40,000) 
for each state)  

N v = number  of p a r t i c l e s  for cm 3 

t = th ickness  of the thin foil ,  cons ide red  constant  
and -~2000. a, 

h" = mean d i a m e t e r  of the p a r t i c l e s  in /~ ,  m e a s u r e d  
with the same  p r o c e d u r e s  as  N a 

The following r e s u l t s  have been obtained:  

i) Fas t  quenching (20 ,000~ i n t e r -  
g ranu la r  or  i n t r ag r anu l a r  have been detected in none of 
the th ree  a l loys .  
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Fig. 6--Distribution of E dispersoids in chromium-modified 
alloy after fast quenehing. Magnification 60,000 times. 

Z i r c o n i u m - m o d i f i e d  a l loy  exh ib i t s  a fine d i s t r i bu t i on  
of ZrA13 s e m i c o h e r e n t  compounds ,  with h" -~ 180A and 
N v -~ 8.10~4/cm3, F ig .  5; c h r o m i u m - m o d i f i e d  a l loy  is 
c h a r a c t e r i z e d  by the p r e c i p i t a t i o n  of E d i s p e r s o i d s  
with h" -~ 400A and N v -~ 4 �9 1014/cm3, F ig .  6. 

i i)  Slow quenching (15~ some  g ra in  bounda r i e s  
of the b a s e  a l loy ,  few and c o a r s e  p a r t i c l e s  of MgZn2 a r e  
v i s i b l e .  

In the z i r c o n i u m - m o d i f i e d  a l loy  s m a l l  ~ p a r t i c l e s  
(200 to 300A d iam)  of i r r e g u l a r  shape and d i s t r i bu t ion ,  
a l l  nuc lea ted  at  ZrA13 compounds ,  may  be o b s e r v e d ;  
f u r t h e r m o r e ,  some  i n t e r g r a n u l a r  71 p a r t i c l e s  a r e  p r e s -  
ent ,  F ig .  7. 

A d i r e c t  r e l a t i o n  be tween  the high t e m p e r a t u r e  d i s p e r -  
so ids  and the ~7 p a r t i c l e s  is  seen in c h r o m i u m - m o d i f i e d  
a l loy ;  in F ig .  8 it is  ev ident  that  MgZn2 p r e c i p i t a t e s  have 
a def in i te  p l a t e l e t  shape ,  with an a v e r a g e  s ize  of about  
1000~. 

In mos t  c a s e s ,  co lon ie s  of 7) p a r t i c l e s  nuc lea t ed  by 
s ingle  E d i s p e r s o i d s  have been  o b s e r v e d .  

i i i)  Ve ry  slow quenching (4~ p r e c i p i t a t i o n  
phenomena  a r e  seen  in the ba se  a l loy .  

Z i r  c o n i u m - m o d i f i e d  a l loy  exh ib i t s ,  in th i s  s t a t e ,  
dense  g e n e r a l  p r e c i p i t a t i o n  of 77 p a r t i c l e s  un i fo rmly  
d i s p e r s e d  in the m a t r i x  and along g r a i n  and subgra in  
bounda r i e s ,  F ig .  9(a); high magni f i ca t ion  m i c r o g r a p h ,  
F ig .  9(b), shows that  77 p a r t i c l e s ,  with an a v e r a g e  d i a m -  
e t e r  of ~700 to 800.&, a r e  in c lo se  a s s o c i a t i o n  with the 
s p h e r i c a l  ZrA13 p r e c i p i t a t e s .  

F i n a l l y ,  the v e r y  slow quenching of c h r o m i u m - c o n -  
ta in ing  a l loy  p r o d u c e s  a p r e c i p i t a t i o n  of MgZn2 p a r t i c l e s ,  
wi th  an a v e r a g e  s i ze  of ~2500A, much d e n s e r  than the 
E d i s p e r s o i d s ,  F i g s .  10(a) and 10(b). 

Al l  the da ta  r e l a t i v e  to the  s t r u c t u r a l  p a r a m e t e r s  of 
the s tud ied  a l l o y s  a r e  s u m m a r i z e d  in Table  III. It can 
be o b s e r v e d  that  the dens i ty  of 77 p a r t i c l e s  f o r m e d  dur ing 

Fig. 7--Microstrueture of the zirconium-modified alloy after 
slow quenching. Magnification 6{),000 times. 

Fig. 8--Microstructure of the chromium-modified alloy after 
slow quenching. The arrows show coarse ~1 precipitates in as-  
sociation with E particles.  Magnification 60,000 times. 

the quenching of z i r c o n i u m - m o d i f i e d  a l loy ,  is  l e s s  than,  
or  the s a m e  a s ,  ZrA13 p a r t i c l e s ,  while  it  is  even h igher  
than the E phase  in c h r o m i u m - m o d i f i e d  a l loy .  In a d d i -  
t ion,  with iden t ica l  cool ing condi t ions ,  c h r o m i u m - c o n -  
ta ining a l loy  is  c h a r a c t e r i z e d  by c o a r s e r  MgZn2 p a r t i -  
c l e s .  These  data ,  cons ide r ing  that  the dens i ty  of ZrA13 
d i s p e r s o i d s  i s  h igher  than E p a r t i c l e s ,  mean that  the 
d i f ferent  behav io r  of z i r c o n i u m - m o d i f i e d  a l loy  with r e -  
spec t  to the c h r o m i u m - c o n t a i n i n g  one is r e a l l y  qua l i -  
t a t ive .  In fact ,  it does  not depend on the d i f fe ren t  den-  
s i ty  of high t e m p e r a t u r e  p r e c i p i t a t i o n ,  but r a t h e r ,  it 
s e e m s  to be l inked to the d i f fe ren t  nucleant  ac t ion  of 
the E phase  with r e s p e c t  to ZrA13 p a r t i c l e s .  This  ex -  
p e r i m e n t a l  ev idence  comple t e ly  a g r e e s  with our p r e v i -  

860-VOLUME 4, MARCH 1973 METALLURGICAL TRANSACTIONS 



(a) (a) 

(b) 

Fig. 9--Microstructure of the zirconium-modified alloy after 
very slow quenching: (a) magnification 20,000 times; (b) magni- 
fication 60,000 times. The arrows show coarse rl precipitates 
in association with ZrA13 particles. 

(bl 
Fig. 10--Mierostructure of the chromium-modified alloy after 
very slow quenching: (a) magnifieation 20,000 times; (b) magni- 
fication 60,000 times. The arrows show colonies of ~ precipi- 
tates nucleated at E particles. 

ous f indings '  and, cons ider ing  the di f ferent  c r y s t a l l o -  
graphic  fea tu res  of the two types of p rec ip i t a t e s ,  with 
theory. '1  

3) CONCLUSIONS 

By r e s i s t i v i t y  m e a s u r e m e n t s  and TEM obse rva t ions  
a deta i led ana lys i s  has been pe r fo rmed  of: 

a) the quench induced prec ip i ta t ion  of high pur i ty  A1- 
Z n - M g - C u  alloy with ch romium and z i r con ium and with- 
out other addition e l emen t s ;  

b) the inf luence exer ted by the loss  of solute o c c u r -  
r ing  dur ing  the quenching on the G.P.  zone format ion .  

The s t a r t ing  s t r u c t u r e s  of the ch romium and z i r co -  
n ium containing a l loys  were  cha rac t e r i zed  re spec t ive ly  
by a high t e m p e r a t u r e  prec ip i ta t ion  of ~4 �9 10 ~4 pa r t i -  
c l e s / c m  3 of E phase and ~8 �9 10 '4 p a r t i c l e s / c m  3 of ZrA13 
phase.  

The cooling r a t e s  inves t iga ted  were  the following: 
20,000~ 15~ 4~ in the in te rva l  465 ~ to 250~ 

In these exper imen ta l  condit ions,  the obtained r e s u l t s  
may be s u m m a r i z e d  as follows: 

METALLURGICAL TRANSACTIONS VOLUME 4, MARCH 1973 861 



Cooling Rate 

Table III. Relation Between the Cooling Rate and Mierostructural Properties of the Investigated Alloys 

Structural Parameters Base Alloy Zr Modified Alloy Cr Modified Alloy 

grain structure (g.s.) equiaxic grains 

matrix (m.) homogeneous solid 
20,000OC/s solution 

intragranular precipitation (i.p.) 
grain boundaries precipitation 
(b.p.) 

g.s. the same as 20,000~ 
m. the same as 20,000~ 

15~ i.p. the same as 20,000~ 

b.p. 

g.s. the same as 20,000~ 
m. the same as 20,000~ 

4~ 
i.p. the same as 20,000~ 

b.p. 

grains and subgrains 

solid solution with dispersoids of: 

ZrAl3:/(" ~ 180A AllsCr2Mga: K _  ~ 400A 
N v ~ 8.1014 

absent 

almost absent 

N v ~ 4.1014 

the same as 20,000~ 
the same as 20,000~ 

r/particles: 

very fine and rare rather dense and coarse 
K_ ~ 250A /( ~_ lO00A 
N v ~_ 8.1014 Nv ~ 4.1014 

the same cases as coarse */precipitation 

the same as 20,O00~ 
the same as 20,000~ 

77 particles: 

rather dense very dense and coarse 
K ~ 500A K -~ 2500, 8, 
N v ~ 8.1014 N v "L'_ 1.10 is 

frequent precipitation of coarse r/particles 

i) t h e  p r e s e n c e  o f  c h r o m i u m  a n d  z i r c o n i u m  d o e s  n o t  
p r o d u c e  a s i g n i f i c a n t  e f f e c t  on  t h e  G . P .  z o n e  a g i n g  p r o c -  
e s s  a f t e r  f a s t  q u e n c h i n g ;  

i i )  t h e  b a s e  a l l o y  d o e s  n o t  e x h i b i t  a n y  n o t i c e a b l e  p r e -  
c i p i t a t i o n ,  a l s o  f o r  t h e  v e r y  s l o w  q u e n c h i n g  r a t e ;  

i i i )  a c l o s e  a s s o c i a t i o n  e x i s t s  b e t w e e n  t h e  c o m p o u n d s  
o f  t h e  a d d i t i o n  e l e m e n t s  a n d  t h e  q u e n c h  i n d u c e d  p r e c i p i -  
t a t i o n  of  M g Z n 2 .  F o r  t h e  s a m e  q u e n c h i n g  c o n d i t i o n s ,  ~7 
p a r t i c l e s  a r e  d e n s e r  a n d  c o a r s e r  in c h r o m i u m  c o n t a i n -  
i ng  a l l o y ,  p r o b a b l y  d u e  to  t h e  d i f f e r e n t  n u c l e a n t  a c t i o n  
e x e r t e d  by  E d i s p e r s o i d s  w i t h  r e s p e c t  to  ZrA13 g l o b u l e s .  
M o r e o v e r ,  i t  i s  to b e  s t r e s s e d  t h a t  in  z i r c o n i u m - m o d i -  
f i e d  a l l o y  t h e  s l o w  q u e n c h i n g  t r e a t m e n t  ( 1 5 ~  p r o -  
d u c e s  a s l i g h t  p r e c i p i t a t i o n  o f  7? p h a s e ,  s o  t h a t  t h i s  
c o o l i n g  r a t e  m a y  b e  p r a c t i c a l l y  c o n s i d e r e d  t h e  u p p e r  
l e v e l  o f  t h e  q u e n c h  s e n s i t i v i t y  o f  t h i s  a l l o y ;  

iv)  t h e  a g i n g  r e s p o n s e  o f  t h e  a l l o y s  s t r o n g l y  d e p e n d s  
on  t h e  p r e c i p i t a t i o n  i n d u c e d  by  q u e n c h i n g .  H o w e v e r ,  t h e  
a g i n g  m e c h a n i s m s  r e m a i n  u n c h a n g e d ,  t h e  c o o l i n g  r a t e  
d i f f e r e n c e s  o n l y  d e t e r m i n i n g  a v a r i a t i o n  o f  t h e  s u p e r -  
s a t u r a t i o n  o f  t h e  a l l o y s  a n d  of  t h e  v a c a n c y  c o n c e n t r a -  
t i o n .  T h i s  c i r c u m s t a n c e  h a s  p e r m i t t e d  a c o r r e l a t i o n  
b e t w e e n  t h e  s o l u t e  f r a c t i o n  p r e c i p i t a t e d  d u r i n g  t h e  
q u e n c h i n g  a n d  t h e  c o n s e q u e n t  d e c r e a s e  in  a g i n g  c a p a -  
b i l i t y ,  m e a s u r e d  in  t e r m s  o f  G . P .  z o n e  d e n s i t y .  H e n c e ,  

o t h e r  f a c t o r s  a r e  no t  r e q u i r e d  to a c c o u n t  f o r  t h e  
q u e n c h - s e n s i t i v i t y  p h e n o m e n o n .  
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